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1. Introduction 

Microfluidics refers to a set of technologies that control the flow of minute amounts of 

liquids, typically from a few picolitres (pls) to a few microlitres (μls) in a miniaturized 

system [1,2]. Lab-on-a-chip (LOC) systems typically consist of a set of microfluidics and 

sensors with dimensions from a few square millimetres (mm2) to a few square centimetres 

(cm2). Microfluidics handles liquids through droplet generation, transportation and mixing 

of liquid samples, chemical reactions etc. Sensors may include biochemical sensors, gas 

sensors and physical sensors such as humidity and temperature sensors, flow meter and 

viscometers etc. Therefore, LOCs are microsystems with a much broader meaning, and 

generally perform single or multiple laboratory processes and functions on a chip-scale.  

Microfluidic and LOC systems have distinctive advantages: 

 Low volume fluidic consumption (low reagents costs and less required sample volumes 

for analysis and diagnostics, less waste); 

 Fast analysis and short response times due to short diffusion distances, high surface to 

volume ratios, small thermal capacity and fast heating rate; 

 Better process control because of a faster response of the systems (e.g. thermal control 

for exothermic chemical reactions); 

 Compactness of the systems owing to integration of many functionalities and the small 

dimensions of each component; 

 Massive parallelization due to compactness, which allows high-throughput analysis; 

 Low fabrication costs, allowing cost-effective disposable chips fabricated in mass 

production; 

 Safe platform for chemical, radioactive or biological studies because of integration of 

functionality within the small systems and often on-board power generator. 
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Owing to their outstanding properties and great potential applications, microfluidics and 

LOCs have received tremendous interests from engineering, healthcare, medical research, 

drug-development sectors. They are regarded as the technologies of the future for great 

value-added manufacturing. So far, most of the LOCs and microfluidics are single function 

systems, the trend and demands are to develop LOCs and microfluidics with multi-

functions.  

Microfluidics and LOC systems based on acoustic waves generated through the 

piezoelectric effect have recently received a great attention, as acoustic waves can be utilized 

not only for actuation/microfluidics, but also for sensing/detection, allowing integration of 

various acoustic devices for LOCs to perform multi-functions. In this chapter, we will thus 

focus on the acoustic wave-based LOC systems. 

1.1. Acoustic wave based microfluidics 

Many microfluidic technologies have been explored and developed [1,3], including two major 

classes of devices: active devices such as micropumps, micromixers and droplet generators, 

and passive components such as microchannels, valves and microchambers. The mechanisms 

of micropumps vary widely. Based on the mechanisms, designs and applications, micropumps 

can be categorized into two main groups: mechanical and kinetic pumps. Mechanical 

micropumps typically represent miniaturized version of macro-sized pumps that typically 

consist of a microchamber, check valves, microchannels and an active diaphragm to induce 

displacements for liquid transportation. Thermal bimorph, piezoelectric, electrostatic, 

magnetic forces and shape memory mechanisms have been utilized to actuate the diaphragm 

in an oscillation mode [2,3]. These mechanical micropumps are complicated, expensive, 

typically made by multi-wafer processes, and are therefore difficult to be integrated with other 

microsystems such as integrated circuits (IC) for control and signal processing due to 

incompatible processes and structures [1,2,4]. They generally have a large dead volume, 

leading to an excessive waste of biosamples and reagents which are normally expensive and 

precious in biological analysis, especially for forensic investigations. These micropumps 

typically have moving parts (diaphragm and check-valves) which lead to low production 

yields in fabrication, high failure rates and poor reliability in operation.  

The new trend is to develop non-mechanical or moving-part-free micropumps by utilizing 

electrokinetic forces and surface tension (or surface energy-related forces) such as the 

electroosmotic (EO) effect [5], electrophoresis (EP) [6], dielectrophoresis (DEP) [7,8], 

asymmetric electric field, electrowetting-on-dielectrics (EWOD) [9,10], electrostatic pumps 

[11,12] etc. Electrokinetic force based micropumps typically require electric/magnetic fields 

to mobilize ionic, or polarisable particles and species in a liquid which can drag the liquid 

through friction forces to form a continuous flow. The surface tension-based micropumps 

are typically droplet-based systems, which manipulate discrete droplets through 

modification of surface tension/energy by external stimuli [13]. Electric field, thermal and 

concentration gradients generated by localized heating or optical beams, photosensitization 

and capillary forces are used for these micropumps. Their key characteristic is that they can 

transport discrete droplets, acting as the so-called digital micropumps, on channel-less (or 
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wall-less) planar surfaces without check valves [13]. The fabrication process is simple and 

requires no special substrate. Therefore, these pumps can be easily integrated with 

electronics for control and signal processing etc.  

Acoustic waves utilized in microfluidics and lab-on-a-chip systems include ultrasound, bulk 

acoustic waves and surface acoustic waves (SAW). Ultrasound generated by external large 

piezoelectric (PE) transducers has been widely utilized for microfluidics which is very 

effective in mixing microfluidics, and has recently been utilized for transportation of liquid 

[14] and particle sorting etc through novel design of the systems [15,16]. Due to the different 

mechanism, ultrasonic wave based microfluidics and LOCs will not be discussed here. 

SAW-based microfluidics and LOCs are one of the latest technologies. SAW can be used as 

an actuation force for pumping and mixing liquids, and for generating droplets and mist 

[17, 42,18,19]. SAW micropumps can not only manipulate discrete liquid droplets from pls to 

a few tens of μls, but can also pump a continuous fluid. SAW devices are also excellent 

sensors for monitoring physical parameters and detecting biochemical entities with high 

sensitivity. Furthermore the development of thin film SAW technology has opened the way 

for integration of SAW-based microfluidics and sensors with Si-based electronics on the 

same chip for LOCs with better functions and applications [20]. This chapter will mainly 

focus on acoustic wave technologies for microfluidics and lab-on-a-chip applications.  

1.2. Acoustic wave resonant sensors 

Sensors are a type of transducer that convert some physical stimulation such as temperature, 

pressure etc into electronic, optical, magnetic, or acoustic signals for quantitative 

measurement, while biosensors are devices that convert biological information into 

measurable electronic signals. Various technologies such as optical sensors, electrochemical 

sensors, field effect transistor based sensors, microcantilevers and acoustic resonators have 

been developed for sensing, particularly for biochemical sensing.  

Compared with other biosensing technologies, acoustic wave based technologies have 

several advantages including simple operation, high sensitivity, small size, fast response 

and low cost, [21]. Another distinctive advantage of acoustic wave sensors over others is 

that they can be simply integrated with acoustic wave based microfluidics to form a LOC 

system driven by a single mechanism, which makes the system fabrication and operation 

much simpler.  

There are four types of acoustic wave resonators: the quartz crystal microbalance (QCM), 

surface acoustic wave device (SAW), film bulk acoustic resonator (FBAR or BAW) and 

flexural plate wave (FPW) resonator. Acoustic wave sensors are able to detect not only 

mass/density changes, but also viscosity, elastic modulus, conductivity and dielectric 

properties. They have many applications in monitoring of pressure, moisture, temperature, 

force, acceleration, shock, viscosity, flow, pH levels, ionic contaminants, odour, radiation 

and electric fields [22,23]. By using specific gas absorbents and biological markers, the 

acoustic resonators can be made into gas sensors and biosensors. As the latter is the main 

focus of this chapter, we will only discuss acoustic wave biosensors here. 
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QCMs with a structure shown in Fig. 1 have a long history, and probably are the only one 

currently being commercialized and practically used. By cutting a quartz crystal with proper 

orientations, it is possible to make QCM sensors operate in a longitudinal mode as well as in 

a transverse (also called thickness shear) mode. The standing waves in the thickness shear-

mode devices are parallel to the surface of the QCM plate, and the wave energy is largely 

preserved in the presence of liquids, therefore the shear mode QCM is suitable for sensing in 

liquid environments, a pre-request and necessary condition for most biosensing and 

physiological monitoring. QCM sensors have the advantages of simplicity in design and 

operation and a mature technology.  

 

Figure 1. Typical QCM resonator. 

The sensitivity of acoustic wave resonators is determined by the square of the resonant 

frequency, fr, and base mass. The frequency shift f of an acoustic wave resonator induced 

by a mass loading, m, is described by [24] 

 
22 rmf

f
A 


   (1) 

where A, ,  and fr are the area, density, shear modulus and intrinsic resonant frequency 

(sometimes defined as the operating frequency, f0), respectively. QCM sensors have a 

fundamental limitation of low sensitivity due to the thickness of wafer and the large active 

area, hence low f0 and large base mass.  

SAW sensors consist of a pair of interdigitated transducers (IDTs) (Fig. 2). When a series of 

radio frequency (R.F.) signals are applied to one of the IDTs, surface acoustic waves are 

generated through the piezoelectric effect, and travel along the surface of the substrates, 

received by the IDT on opposite. The strength of the waves decays exponentially with depth 

into the substrate. Depending on the nature of the travelling acoustic waves, SAW can be 

longitudinal or transverse mode. The operating frequencies of SAW devices are typically in the 

range of 100-300 MHz, and the active base mass is much smaller than that of QCMs owing to 

the one wavelength depth of active area. Therefore, the sensitivity of SAW sensors could be 

much higher than that of the QCMs. The acoustic waves of shear mode SAW devices travel 

parallel to the surface with no longitudinal component with no acoustic energy dissipated into 

the liquid in contact. Therefore, the shear mode SAW devices are suitable for sensing in 

liquids. Furthermore rapid advances in thin film deposition technologies allow fabrication of 
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high quality thin film SAW devices, resulting in the possibility for integration of SAW sensors 

with electronics on the same chip. Advantages of the SAW sensors are: simplicity in device 

structure and process, high sensitivity, small size compared to QCM, availability of thin film 

SAW, and the possibility for integration of SAW sensors with Si-electronics. However similar 

to QCM, the SAW devices are difficult to scale down, and other concerns include weak signal, 

relatively low quality factor and relatively low sensitivity.  

 

Figure 2. Typical structure of a SAW resonator. 

FBARs are newly emerging acoustic nanodevices [25,26,27], with a structure similar to that 

of QCM as shown in Fig. 3, but thousand times smaller with a typical size from 100 m × 100 

m to 30 m × 30 m and a thickness of a few micrometers. The operating frequency of 

FBARs is in the range from sub-gigahertz to a few GHz. The base mass of a FBAR is much 

smaller than those of the QCM and SAW devices owing to the much reduced area and 

thickness, and the sensitivity of FBAR sensors can be dramatically increased compared with 

other acoustic sensors as shown in Fig. 4 [28]. FBARs have the highest sensitivity, and the 

SAW devices are in the middle with the QCM ones the lowest.  

FBARs have three basic structures: the Bragg acoustic mirror type (Fig. 3a), the back-trench 

type (Fig. 3b), and the air-bag type (Fig. 3c&3d). The Bragg reflector based FBARs are 

normally made on PE-films deposited on a solid substrate. The acoustic mirror is composed 

of many quarter-wavelength layers with alternating high and low acoustic impedances. Due 

to the high acoustic impedance ratio of the acoustic mirror, the acoustic energy is reflected 

and confined within the top piezoelectric layer, thus maintaining an excellent resonant 

bandwidth even on a solid substrate. This structure has a better mechanical robustness and 

a simpler fabrication process. Also cheap substrates such as glass or plastics may be used for 

the FBAR fabrication to reduce the cost [29]. The shortages of the Bragg reflector FBARs are 

long film deposition process and the difficulty in precise control of the layers thickness 

which may lead to poor quality factor. The back trench mode FBARs are typically made on a 

thin membrane with a thickness about 1-2 m to reduce the base mass and increase the 

robustness. The back trenches are made either by anisotropic wet etching or by deep 

reactive ion etch (DRIE). The air bag types of FBARs are another type of back-trench type of 

FBARs, but with the large back-trench replaced by a small gaps formed through etching 

processes to remove the supporting material underneath. It has either a “standing-out” 

structure formed by a thin sacrificial layer or a “digging-in” structure. 
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Figure 3. Various structures of FBARs. a) Back trench mode, b). Bragg reflector mode, c). Standing-out 

air bag mode and d). Digging-in air bag mode. 

 

Figure 4. Comparison of sensitivity of QCM, SAW and FBAR biosensors. FBAR resonators have the 

highest sensitivity owing to its much reduced base mass and high operating frequency [28]. Reprinted 

with permission from Elsevier, Sensors and Actutars, B 114, 2006, 681. 

FBARs also have extremely small size which allows the use of an array of FBARs for 

multiple-sensing in parallel. Also because they are based on thin film technology, the FBARs 

can be simply integrated with other acoustic microfluidics, microsystems and Si-electronics 

for LOC applications. Thickness shear mode FBARs have been tried by using off c-axis 

crystal materials with some success [30,31]. It is still not a simple task to obtain c-axis 

inclined film materials for low cost FBARs.  

In a manner similar to a SAW device, flexural plate wave resonators (also called Lamb wave, 

and often regarded as the ultrasonic wave [32,33]) (Fig. 5) on a membrane have been 



 
Acoustic Wave Based Microfluidics and Lab-on-a-Chip 521 

developed for biochemical sensing in liquid [34]. The Lamb wave velocity in the FPW 

resonator is much smaller than that of the acoustic waves, and the dissipation of wave energy 

into the liquid is minimized, therefore it can be used for liquid sensing directly. The sensing 

mechanism is based on the detection of a relative change in wave magnitude induced by the 

perturbation on the membrane, rather than the resonant frequency shift as they would be very 

small. The sensitivity of the FPW devices increases as the membrane thickness becomes 

thinner [35,36]. The main drawback of the FPW biosensors is that there is a practical limit on 

the minimum film thickness due to the fragility. Compared with the other three types of 

acoustic wave sensors, FPW devices as sensors still need much further development.  

 

Figure 5. Typical structure of a flexural plate wave resonator. 

 

1.3. Piezoelectric thin film technologies 

QCM and SAW devices are typically fabricated using bulk materials which are expensive 

and cannot be integrated with electronics, microfluidics and sensors on the same substrate for 

applications. Various thin film-based QCMs [37,38], SAW devices [39,40,41] and FBARs 

[25,26,27] have been developed. PZT, ZnO and AlN piezoelectric thin films have good 

piezoelectric properties and high electro-mechanical coupling coefficient, k2, thus they have 

been studied intensively for this purpose. They can be grown in thin film form on a variety of 

substrates such as Si, making these materials very promising for integration with electronic 

circuitry, particularly for devices aimed at low-cost and mass production for one-time use. 

PZT has the highest piezoelectric constant and k2, but PZT films have very high acoustic 

attenuation, lower sound wave velocities, poor biocompatibility and worst of all, the 

requirement for extremely high temperature sintering and high electric field poling, making 

them unsuitable for integration with electronics. AlN and ZnO are the most common thin 

films used for SAW, FBARs and FPW devices. AlN is chemically inert and stable, with high 

acoustic velocity, but AlN thin films are relatively difficult to deposit, requiring stringent 

optimization for the process to obtain high quality thin films with smooth surfaces and right 

crystal orientations. On the other hand, ZnO PE films with a high PE quality are much easier 

to obtain using various deposition technologies such as sputtering, laser-ablation, chemical 

vapour deposition (CVD) and molecular beam epitaxy (MBE) etc, therefore, it is the most 

widely used PE material for thin film acoustic wave devices. The acoustic velocity of ZnO thin 

films is about 2700 m/s, smaller than that of AlN (11050 and 6090 m/s for longitudinal and 

transverse modes, respectively); hence ZnO SAW has a lower operating frequency than that of 
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the AlN SAW devices. For wider applications, high operating frequency ZnO SAW devices 

have been developed by using non-PE supporting layers with high acoustic velocity such as 

sapphire and diamond [39, 40, 41]. Acoustic waves generated by ZnO SAW travel inside the 

supporting layer with high velocity, resulting in higher frequencies. Besides PZT, AlN, and 

ZnO, many other PE thin films have been developed, mostly for SAW device applications. 

Gallium arsenide, gallium nitrides, polyvinylidene fluoride (PVDF) and its copolymers are a 

few that have been investigated for piezoelectric applications.  

2. Modelling of surface acoustic wave microfluidics 

Microscale mixing and pumping are essential processes for microfluidic and LOC applications 

for biochemical analysis, disease diagnosis, DNA sequencing and drug development etc 

[42,43]. Various technologies have been developed. SAW based microfluidics is one of the 

most advanced technologies, which utilize SAW induced forces for pumping, mixing, droplet 

generating and ejecting etc. In this section, the interaction between the SAW and liquid is 

theoretically analysed, to show that the complicated acoustic streaming and particle sorting etc 

are physical phenomena which can be well addressed by theoretical model.  

2.1. Navier-Stoke equation for fluid motion 

It is well known that radiation of a high-intensity beam of acoustic waves into a liquid can 

result in acoustic streaming. Absorption of the acoustic energy results in significant 

attenuation of acoustic energy and moment in the fluid within a short range, meanwhile 

consumption of the energy leads to fluid motion. This phenomenon was observed by Lord 

Rayleigh in 1884 [44] and was then further studied in detail by Westervelt in 1951 [45] and 

Nyborg [46] in the 1960s'.  

Under an external body force, Fj, induced by acoustic waves, the fundamental 

hydrodynamics of a steady viscous fluid is governed by Navier-stoke equation [47], 

 21
( . )i j j jV V F p V


       (2) 

where V is the acoustic streaming velocity (or the particle velocity), p the pressure, ρ and  

are the fluid density and shear viscosity coefficient, respectively. It is generally assumed that 

the fluid flow exhibits viscous and incompressible laminar flow. Here the subscripts i and j = 

1, 2, 3 represent the x, y and z coordinates respectively for a 3-dimentional (3D) 

phenomenon. The nonlinear body force is correlated to the Reynolds’ stress, , induced by 

the acoustic wave in the fluid with spatial variation in all three coordinates [46], 

 ij i jv v   (3) 

where vi and vj are the velocity fluctuations in x, y and z directions. The stress is a mean 

velocity fluctuation and density product represented by the upper bar. The relation for the 

force and the Reynold's stress is expressed as,   
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According to the continuity equation, the following equation applies, 

 . V 0
t

 
 


 (5) 

For a steady flow, the first term is zero and we obtain, 

.   0V   

This leads to zero for the right side of eq.(2), 

 21
0j jF p V


      (6) 

The governing equation of the acoustic streaming force has been derived by Nyborg [46] for 

an incompressible fluid, and is given by the following equation; 

 . .j aj aj aj ajF V V V V        (7) 

where Va represents the acoustic wave velocity (different from the streaming velocity V), 

and the brackets < > indicate the time averaged value [46,48]. Therefore, the nonlinear 

acoustic streaming force Fj can be calculated, once the wave velocity is known.  

 

Figure 6. Schematic drawing of acoustic streaming in liquid fluid induced by SAW. The direction of 

SAW induced streaming is determined by the Rayleigh angle.  

Acoustic waves travel in a solid medium with a relatively small attenuation. The attenuation 

becomes large once the waves enter the fluid medium and decays exponentially. Therefore 

the acoustic wave generated force is a short range force. Figure 6 schematically shows SAW 

induced acoustic streaming in a droplet.  

The SAW travelling along the surface of the PE substrate has a small surface displacements 

typically less than one nanometre. The SAW changes its mode into a leaky SAW once it 

interacts with any liquid medium in its path. This leaky longitudinal SAW continuously 
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travels within the liquid medium with the streaming angle determined by the Rayleigh 

angle ӨR [49,50,51], as depicted in Fig. 6 according to the following equation; 

 1sin L
R

S

V

V
   (8) 

where VS is the Rayleigh SAW velocity on the piezoelectric substrate, and VL is the acoustic 

velocity in the liquid. The leaky SAW has been well studied, and the displacement, (ux, uy), 

of the acoustic wave in the liquid is sinusoid in form with an exponential decay with 

distance. For a 2D case, the displacement can be expressed by [52],  

 ( , ) exp( ( ) / )sin( . )Su x t A l x l t k x      (9) 

where A is equivalent to the SAW amplitude at the point of entry into the liquid,  = 2f, the 

angular frequency imposed by the SAW, l(x) is the path length along the wave path, and k is 

the wave vector of the acoustic wave. Streaming is a 3D phenomenon, especially for 

streaming inside a droplet; therefore displacements in all directions have to be considered. 

The displacements in the x and y directions are expressed by [47,53]; 

 exp.( ).exp( ).exp( )x L Lu A j t jk x k y     (10) 

 exp.( ).exp( ).exp( )y L Lu j A j t jk x k y       (11) 

Here, α represents the attenuation constant; 

 2 21 ( )S

L

V

V
    (12) 

where VS and VL are the leaky (Rayleigh) SAW velocity and the sound velocity in liquid 

respectively. Kr=2π/ λ is a real number, where λ is the wave length and the leaky SAW wave 

number (kL=kr+jki) is complex with the imaginary part, jki, representing the SAW energy 

dissipation within the liquid. The leaky SAW wave number can be obtained by extending the 

method of Campbell and Jones [54, 47] into the solid-liquid structure assuming both stress and 

displacement to be continuous at y=0, and VL=1500 m/s for water (Most of the biofluid is water-

based, VL changes if other liquid is used.). If the wave displacements (ux, uy) are replaced by the 

wave velocities using 
j

j

u
V

t





 and substituting into eq.(7), the two components of streaming 

force can be obtained for an incompressible fluid as follows [47,53]; 

 2 2 2
1 1(1 ) exp2( )x i i iF A k k x k y       (13) 

 2 2 2
1 1 1(1 ) exp2( )y i i iF A k k x k y        (14) 

where, 1j  . The total SAW streaming force F can be calculated by 2 2
x yF F F  , which is 

then given by; 
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3

2 2 22
1 1(1 ) exp2( )i i iF A k k x k y       (15) 

The SAW force F acts on the main fluid volume as a body force, but the exponential decay of 

the leaky SAW limits the influence of this force within the whole fluid within the decay 

distance. This leads to a complete diminishing of the acoustic force within a few hundreds of 

micrometers from the interaction point between the SAW and the liquid.  

The numerical simulation of acoustic streaming is a complicated process and should be 

treated case by case due to the different designs of the systems. One must solve the full set 

of nonlinear hydrodynamic equations consisting of the Navier-Stokes equations, the 

continuity equation and an equation of state for an incompressible fluid driven by the time-

dependent boundary condition. The majority of researchers have implemented the 

modelling by using existing software such as COMSOL or ANSYS. The numerical 

simulation requires a few software modules to implement the multiphysics modelling for 

the solid components as well as the viscous liquid body, and requires the consideration of 

coupling between the modules. For the viscous liquid, a Finite Volume Method (FVM), 

OpenFOAM-1.6 CFD code (OpenCFD LTD) and Surface Evolver are often used [55, 53,].  

2.2 Modelling of acoustic streaming induced by SAW 

The interaction of SAW with liquid depends on the position of the SAW relative to the 

liquid. Figures 7a&7b show two cases of the interaction of a SAW with a droplet: (1) the 

droplet is in the path of surface acoustic wave with droplet size smaller than the aperture of 

the IDT of the SAW device; and (2) the droplet is partially on the SAW path.  

The interaction of the SAW with the liquid is a dynamic process involving a transition of the 

flow. Figure 8 shows a comparison of the transitional and steady streaming velocities 

induced by a leaky SAW obtained numerically and experimentally with RF power as a 

function [53]. As can be seen, the streaming velocity increases with time rapidly, and 

becomes stable after the transitional period. The transition time is in the range up to a few 

hundreds of milliseconds, depending on the RF power applied. 

The streaming pattern depends on the entry angle of the SAW into the liquid. Figure 9 

demonstrates the different streaming patterns generated by a SAW entering from the centre 

 

Figure 7. (a) Illustration of a droplet positioning symmetrically on surface of a SAW device; (b) 

asymmetric positioning of water droplet on the SAW device. 
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Figure 8. Streaming velocity at top centre of a 30μl droplet. SAW device has f=62MHz, an aperture of 

2mm; Solid lines represent numerical results at different wave amplitudes; the symbols are 

experimentally measured data at different RF powers [53]. Reprinted with permission from Institute of 

Physics, J. Microeng. Micromech. 21, 2011, 015005. 

and edge of the droplet [52]. A SAW entering in the centre of the droplet results in a 

symmetric shaped streaming pattern, with the highest velocity at the edge of the droplet 

where the SAW enters. When the SAW meets the droplet off-the central wave path, the 

streaming patterns is asymmetric and the degree of symmetry depends on the entry position 

of the SAW. A SAW entering into the droplet with a large off-centre line generates a large 

asymmetric flow pattern. As can be seen from Fig. 9, the numerical simulation can 

successfully reproduce the experimental results. 

Modelling predicts that the streaming velocity is proportional to the RF power applied to 

the IDT electrode, in agreement with the experimental results, regardless as to whether 2D 

or 3D simulation was used. Figure 10 shows one of the results obtained by Alghane et al 

[53], demonstrating that the steady streaming velocity is approximately linearly correlated 

to the RF power applied. 

For better understanding, 3D simulation is necessary to study the streaming phenomenon 

induced by leaky wave [44]. Figure 11 shows the simulated streamlines with a 3D circular 

flow pattern for a 30 μl droplet. The simulation results show that the highest value of a 

streaming velocity is located at the interaction area between the droplet and SAW as the 

highest momentum is delivered at this point. It attenuates rapidly as it enters the liquid 

droplet, in agreement with the experimental observation. 

It is clear that the liquid initially moves at the Rayleigh angle before reaching the top of the 

droplet. It moves backward due to the constraint of the droplet boundary, forming a back 

flow on the two sides and the bottom of the droplet. Figure 12 is a comparison of the 

streaming patterns obtained experimentally and numerically, showing a good matching of  
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Figure 9. Comparison of streaming patterns for experiments and modelling. The narrow is SAW 

entering position from: (a) centre, (b) intermediate, and (c) outer part. The upper images are 

experimental results, while the bottom ones are the corresponding simulation results [52]. Reprinted 

with permission from IEEE, Transact. On Ultrasonics, Ferrelectrics and Freq. Control, 55, 2008, 2298. 1. 

 

Figure 10. Flow normalized streaming velocity as a function of normalized RF power for a 30μl droplet 

size using a 128º YX-LiNbO3 SAW device (IDT with 60 fingers) [53]. Reprinted with permission from 

Institute of Physics, J. Microeng. Micromech. 21, 2011, 015005. 

 

Figure 11. Acoustic streaming in 3D reproduced by numerical simulation in tilted view (a) and direct 

view (b). The droplet has a volume of 30ul, and the SAW enters through droplet centre [53]. Reprinted 

with permission from Institute of Physics, J. Microeng. Micromech. 21, 2011, 015005. 
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Figure 12. Comparison of experimental (upper row) and numerical modeling (bottom row) results for a 

30μl droplet. SAW enters in a centre position of the droplet as shown by red arrow [53]. Reprinted with 

permission from Institute of Physics, J. Microeng. Micromech. 21, 2011, 015005. 

the patterns. These numerical simulation results have clearly demonstrated that the chaotic 

acoustic streaming can be well explained by the physical laws. 

3. Acoustic wave micropumps and micromixers 

Although SAW devices have been commercialized over 60 years, applications in 

microfluidics and LOCs are only recent event. They are found to be very effective and 

efficient in microfluidics and LOCs [56]. SAW-based micropumps are one of them, and can 

transport liquid in a droplet form as well as in a continuous mode through proper design of 

a fluidic system. Acoustic streaming is also the most effective method of mixing liquids in 

small dimensions as it is quick and efficient, typically taking less than a few seconds to reach 

>95% mixing [57, 58]. In this section, SAW pumping and mixing are discussed. 

3.1. IDT and SAW device structures  

For microfluidics, one IDT electrode is enough for most pumping and mixing applications. 

The acoustic streaming velocity depends on the power output of the SAW devices and the 

amplitude of the RF signal applied to the IDT electrode. To obtain efficient acoustic 

streaming, it is desirable to have IDT electrodes with high and efficient power output. The 

SAW IDT design is important for delivering efficient SAW power output. The conventional 

bidirectional IDT may not be the most efficient for pumping and mixing, as the waves 

propagate in two opposite directions with half of the acoustic energy wasted. The simplest 

way is to reflect back some of the waves (Fig. 13a) by using reflector IDT. More sophisticated 

IDT designs include [59,60]: (a) split IDTs (Fig. 13b); (b) a SPUDT (single phase 

unidirectional transducer, Fig. 13c) which has the internally tuned reflectors within the IDT 

to form a unidirectional SAW propagation from one side of the IDT. These unidirectional 

acoustic wave transmission are essential for SAW microfluidics and sensors as they not only 

improve the performance, but maintain the SAW devices at the best operating conditions.  
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Figure 13. Common designs of IDT electrodes used for SAW devices. IDT with reflector (a), slitting 

electrode (b), and single phase unidirectional transducer (c). 

Generally SAW IDT electrodes are so designed that the transmission spectra of the SAW 

devices have the highest quaility factor, Q, i.e. with a single well defined resonant peak with 

the highest amplitude. For microfluidic applications, the resonant frequency of a SAW 

device is changed slightly once liquid is loaded on the surface of the SAW device due to 

mass loading effect. It would be difficut to apply an RF signal with the exact frequency 

match to that of the SAW device, leading to the operation of SAW-microfluidics under 

mismatching conditions. This could be detrimental to the SAW devices as a much higher RF 

power is required to obtain the acoustic streaming effect, leading to overheating etc. 

Therefore a SAW device with a certain bandwidth of frequency would be better for SAW-

microfluidic applications.  

Thin film SAW devices have different transmission properties from those of SAW devices 

made on bulk substrates. Since the acoustic velocity of the thin film is different from that of 

the substrate, the acoustic waves generated by the top PE film layer may disperse into the 

substrate, i.e. some of waves propagate inside the substrate, resulting in two acoustic wave 

modes related to the PE layer and the substrate. A Sezawa mode acoustic wave is generated 

when the acoustic velocity in the substrate is higher than that in the PE-layer, and has been 

intensively studied as it can obtain SAW devices with high resonant frequencies using  

    

Figure 14. Reflection spectra of ZnO/Si SAWs with ZnO thickness as a parameter. The resonant 

frequencies of both Rayleigh and Sezawa waves decrease as the thickness increases, but the amplitudes 

of Sezawa waves are much larger than those of Rayleigh wave [61]. Reprinted with permission from 

AIP, Appl. Phys. Lett. 93, 2008, 094105. 
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conventional photolithography technology. Examples include ZnO films on Si, sapphire and 

diamond films. ZnO has a slow acoustic velocity of ~2700m/s, but ZnO SAW devices on a 

diamond layer can achieve a velocity over 10,000 m/s, close to those of the diamond 

substrate [39,40,41]. The acoustic velocity of the Sezawa waves depends on the thickness of 

the PE-layer, and can be well explained by the model of a layered structure. Figure 14 shows 

the dependence of the acoustic velocity of Rayleigh and Sezawa waves in ZnO/Si structures 

[61]. Sezawa waves often have much higher signal amplitude and resonant frequencies, 

particularly suitable for microfluidics and sensing applications. 

3.2. SAW micropumps and micromixers 

When the liquid is in the SAW path, acoustic moment and energy can be coupled into the 

liquid to induce acoustic streaming and flow. This has been utilized for fabrication of 

acoustic microfluidic systems, and many devices have been developed [62,63,64]. Generally 

speaking, both experimental and modelling results showed that acoustic waves can induce 

significant acoustic streaming in the liquid and result in mixing, pumping, ejection and 

atomization [65,66]. It was found that if the force is large enough, it can generate a 

significant acoustic streaming within the droplet (Fig. 15b). If the SAW device is immersed 

in a liquid container and an RF signal is applied to the IDT electrode, a steady flow pattern 

with a butterfly or quadrupolar streaming patterns can be obtained as shown in Fig. 15c. 

Significant acoustic streaming can facilitate internal agitation, which can speed up biochemical 

reactions, minimize non-specific bio-binding, and accelerate hybridization reactions in protein 

and DNA analysis which are commonly used in proteomics and genomics.  

 

Figure 15. Patterns of acoustic streming in a droplet and in bulk liquid.  

The SAW microfluidics have distinct advantages over other microfluidics, such as a simple 

device structure, no moving-parts, electronic control, high speed, programmability, 

manufacturability, remote control, compactness and high frequency response [67, 68,69]. 

The streaming velocity is proportional to the RF power applied, and could reach tens of 

centimetres per second. This is several orders of magnitude larger than other microfluidics, 

which are typically in the range of hundreds of micrometres to several millimetres per 

second [1,2,13]. Figure 16 shows the streaming velocity as a function of the amplitude of RF 

signal for LiNbO3 SAW devices with the IDT structure as a parameter [70]. It shows that the 

SAW device with a shorter wavelength has more power to induce streaming with higher 

velocity, and more IDT fingers are beneficial for coupling more RF power into the liquid. Du 
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et al. also demonstrated that the third harmonic resonant waves can also be used for 

acoustic streaming though the streaming velocity is reduced to a third of the fundamental 

mode wave induced streaming [70] as higher harmonic modes have much lower RF output.  

    

Figure 16. Acoustic streaming velocity as a function of RF signal voltage with finger pair and wave 

mode as parameters. [70]. Reprinted with permission from Institute of Physics, J. Microeng. Micromech. 

19, 2009, 035016. 

The streaming velocity depends on the RF power (or the signal voltage) applied to the IDT 

electrode. If the power is small enough and the droplet size is larger than the apperture of 

the IDT electrode, then the streaming velocity is proportional to the power as shown in Fig. 

16, in agreement with the theoretical prediction as shown in Fig. 10. Once the power is over 

a certain range, velocity saturation is observed [71], and is believed that acoustic heating is 

responsible for the deviation from the linearity. Also the streaming velocity depends on the 

relative dimensions of the droplet and IDT aperture. At a fixed IDT aperture, a small doplet 

will have a low streaming velocity as the RF power can not be fully coupled into the liquid, 

and the streaming velocity increases with the droplet size, then reduces as the droplet size 

becomes larger than the aperture of the IDT. Therefore it is necessry to use an optimumal 

size/aperture ratio for a high performance SAW micromixer. 

For streaming in a droplet, the boundary of the droplet becomes the boundary of the vortex, 

and the flow is confined within the droplet. This can be used for droplet-based mixing as 

shown in Fig. 17 by Xia et al on a LiNbO3 SAW device [72]. Two drops with different 

contents are merged by a SAW, and immediate mixing occurs partially due to the kinetic 

energy involved and partially due to the acoustic streaming. This demonstrates the effective 

and efficient mixing of water and red dye droplets. The mixing process is completed in tens 

of ms, much shorter than those of most other micromixers.  

Acoustic streaming has circulating flow patterns due to the back flow of the streaming as 

schematically shown in Fig.15 regardless as to whether it is a droplet or bulk liquid. This is 

caused by the short range of the acoustic force as discussed above. Directional flow by 

acoustic streaming, or liquid pumping, might be difficult due to this back flow. For 

pumping liquid in a specific direction, the SAW device and microchannels have to be 

arranged properly. Figure 18 is a schematic drawing of a SAW-based micropump. When the 

SAW-induced vortex size is smaller than the channel width, the SAW induces a circulating 
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Figure 17. A water droplet and a red dye droplet mixture at (a) t=0s, (b) t = 4.066 s, (c) t = 4.4 s, (d) t = 

4.466 s, (e) t = 5.000 s, and (f) t = 6.133 s [72]. Reprinted with permission from Elsevier, Talants, 84, 2011, 

293. 

vortex within the channel, and no net flow along the channel is produced. This can be 

utilized for in-channel mixing with high efficiency, but not pumping. When the size of 

vortex is larger than the width of the microchannel, the back flow is restricted by the 

channel wall, leading to a net directional flow along the channel. By using a channel with 

the width less than 200 m, Yeo et al realized a SAW-based micropump [19].  

 

Figure 18. Principle of SAW-based micropumps with a channel. When the vortex is smaller than the 

channel width, the back flow occurs, suitable for in-channel mixing (a). When the vortex is larger than 

the channel width, a unidirectional flow is formed (b).  

SAW has also been explored for in-channel mixing. Figure 19 shows two schemes used by 

Nguyen et al for in-channel mixing [73]. The microchannel is perpendicular to the SAW 

propagation direction. When a travelling acoustic wave encounters the liquid in the channel, 

streaming can be very effective mixing mechanism, and this mixing can be further enhanced 

by using curved IDT structures as shown in Fig. 19b. An alternative micromixing using 

SAW is to couple surface acoustic waves into liquids in a container to introduce agitation for 

mixing. As the streaming angle is determined by the Rayleigh angle, when a container is 

placed on a SAW device with a soft coupler on the surface, the SAW device can be an 

effective mixer [74].   
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Figure 19. Schematic drawing of SAW-based in-channel micromixer. 

SAW can be utilized for moving liquid droplets. If the liquid is on a hydrophobic surface 

with a contact angle larger than 90, then the acoustic force may move the droplet along the 

wave path if the RF power is sufficiently large. Droplet-based microfluidics and LOCs are 

attractive as it provides the foundation for digital analysis and digital medicine with better 

and accurate results. The surface of most PE materials, however, is hydrophilic with water 

contact angle less than 90. Surface acoustic waves are not strong enough to move the liquid 

on hydrophilic surfaces. Figure 20 shows the shape change of a droplet when it is subjected 

to an acoustic pressure on a hydrophilic surface. Water droplets cannot be moved freely on 

the surface under the stimulation of the SAW, but simply spreads on the wave path. The 

solution is to reduce the surface energy to move the droplets freely on the surface. Various 

surface coating technologies have been developed to increase the contact angle of the water 

droplet. CFx chemical vapour treatment was found to form contact angles larger than 90 
and reduce the surface energy significantly [75]. Solution-based Teflon can be applied to the 

surface of PE substrates to form a hydrophobic surface to provide contact angle larger than 

110. The thickness of the Teflon and CFx layer has to be carefully controlled to reduce 

attenuation caused by the large acoustic absorption of the layer. Octadecyltrichlorosilane 

(OTS) was found to form a compact and hydrophobic self-assembled monolayer (SAM) with 

a thickness less than 10 nm. The OTS layer has a contact angle with water larger than 100 
and does not damp the SAW amplitude visibly; therefore it is a good hydrophobic coating 

for microfluidic applications [70,71]. 

    

Figure 20. The shape of a droplet under acoustic pressure. The droplet deforms with the leading angle 

becomes larger and the trailing angle becomes smaller [70]. Reprinted with permission from Institute of 

Physics, J. Microeng. Micromech. 19, 2009, 035016 for (a) and (c). 
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Similar to streaming velocity, the droplet moving velocity driven by SAW is found to be 

proportional to the RF signal amplitude as shown in Fig. 21, and the velocity depends on the 

droplet size as well as the aperture of the IDT. However, when the droplet diameter is larger 

than the aperture, further increase in the power does not increase the velocity visibly as the 

acoustic wave does not fully coupled into the droplets as discussed in [76]. When the 

aperture is larger than the droplet size, it was found that the velocity decreases with 

increase of the droplet size as more power is needed to move a larger droplet. As can be 

seen, the droplet motion velocity is in the range up to 1-2 cm/sec, much larger than the 

velocities obtained by other methods. Although a SAW can be used to drive droplets at very 

high speeds, delivery of droplets to required locations with precision is more important for 

applications in biological analysis than driving the droplets at a high speed. This can be 

realized by using modulated pulsed RF signal to drive the SAW devices in a controlled 

manner. By adjusting the period of the on-off RF signal and the signal amplitude, it is 

possible to move droplets with precision distance. A moving rate of 100 m/pulse for a 

droplet of 0.5 l on a LiNbO3 substrate was obtained by using the pulsed RF signal [77].  

     

                                               (a)      (b) 

Figure 21. Droplet moving velocity vs. RF signal amplitude (a) and droplet moving capability vs. IDT 

structures [70]. Reprinted with permission from Institute of Physics, J. Microeng. Micromech. 19, 2009, 

035016 for (a). 

As discussed before, the IDT structure significantly affects the energy output, and hence the 

acoustic streaming and droplet motion owing to its acoustic energy distribution. Generally, 

a unidirectional IDT has a higher acoustic energy density than a bi-directional IDT, and the 

curved IDT has the highest energy density. Figure 21b shows a comparison of the droplet 

motion velocity for SAW devices with different IDT structures. The curved IDT SAW has 

the highest droplet motion velocity as expected.  

3.3. Flexural plate wave micropump and micromixer 

Lamb waves have also been utilized for pumping and agitating of minute volumes of 

liquids [32, 33] and enhancing biochemical reactions [78], based on the fluid motion induced 

by the travelling flexural wave in a ZnO or AlN piezoelectric membrane [79]. A novel 
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valveless pump based on a Lamb wave was proposed by Ogawa et al [80]. The liquid in the 

microchannel was transported by generating a travelling wave on the channel wall, which 

was composed of a piezoelectric PZT thin film actuator array. A mean flow velocity of about 

118 and 172 m/s was obtained for the 200 and 500 m wide channels, respectively. 

However, due to the low frequency resulting from the thin membrane, the agitation and 

pumping are too small and insufficient energy is coupled into the liquid. Furthermore, the 

microfluidic systems contain a membrane vibrating at a high speed, and the yield for 

fabrication is low, and the reliability of the systems during operation is poor compared to 

SAW micropumps and mixers. Therefore, research and application of FPW-based 

microfluidics are currently very limited.  

4. Acoustic droplet generator and atomizer  

4.1. SAW droplet generator and manipulator 

Generation of droplets with volumes from a few pls to a few ls is extremely important for 

modern biotechnology, life science, medical research and diagnosis. For quantitative 

analysis in a small volume, it is essential to measure the small volume of reagents and 

biosamples precisely; otherwise false results can be easily obtained. Although a few 

technologies have been developed to generate droplets in volumes from a few nls to a few 

ls, they are difficult to be integrated with microfluidic systems. By changing the acoustic 

force and hydrophilic and hydrophobic patterns on the surface of a SAW device, it is 

possible to generate droplets from a few pls to ls on a free surface. Figure 22a is a schematic 

drawing of a SAW-based droplet generator, consisting of SAW devices with a reservoir and 

hydrophilic spots surrounded by a hydrophobic surface [49]. When the liquid in the 

reservoir is pushed forward under the acoustic force, it makes contact with the hydrophilic  

 

Figure 22. (a) the principle of acoustically driven nano dispenser by selective chemical modification of 

the wettability of parts of the chip surface and employing two SAW propagating at a right-angle to each 

other. (b) is a SAW driven microfluidic processor [49]. Reprinted with permission from Elsevier, 

Superlattice & Microstruct. 33, 2004, 389. 
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spot and fills it. Once the RF signal is off, the bulk liquid withdraws back to the reservoir as 

the acoustic force diminishes, leaving the spot filled with the liquid of a fixed volume 

determined by the size of the spot area and the contact angle. In this way, Woxforth et al. 

developed a SAW-based droplet generator [49]. Furthermore, by using the virtual containers 

and tracks formed by hydrophilic surfaces surrounded by hydrophobic surfaces for liquids 

on a chip, they have developed droplet manipulator and mixer as demonstrated in Fig. 22b.  

A combination of a SAW pump with other droplet generators can realize new functions of 

microfluidics. Electrowetting on dielectrics (EWOD) has been combined with SAW devices 

to fabricate the EWOD-SAW microfluidics as shown in Fig. 23 [81]. EWOD is used to 

generate and separate the droplets, while the SAW device is used to move the droplets 

along the track. The EWOD force is employed to guide and position microdroplets precisely 

which can then be actuated by SAW devices for particle concentration, acoustic streaming, 

mixing and ejection, as well as for sensing using a shear-horizontal wave SAW device [82].  

 

Figure 23. Schematic of integrated EWOD and SAW test structure and the droplet generation by EW 

and manipulation by SAW [82]. Reprinted with permission from AIP, Biomicrofluidics, 6, 2012, 012812. 

4.2. SAW atomizer 

If the RF power coupled to the liquid on a hydrophilic surface is sufficiently large, tiny 

droplets with volumes in the range of a few femtolitres (fls) to pls can be generated and 

escape from the surface of the host liquid, forming a continuous mist of droplets as shown 

in Fig. 24. This has been utilized for the development of SAW-based atomizers and droplet 

generators. Ejection of small particles and liquids has many applications ranging from inkjet 

printing, fuel and oil injection sprayers and propellers.  

The height of the mist is dependent of the RF power applied, and could be up to 6 cm 

[20,71]. The ejection angle of tiny droplets escaping from the host liquid is determined by 

the Rayleigh angle, but affected by the RF power and height of the mist [83]. In order to 

generate a continuous mist on demand, there must be a continuous supply of liquid which 

can be realized by using a porous structure such as a filter paper linked to a large liquid 

reservoir as shown in Fig. 25 [65].  
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Figure 24. Acoustic streaming induced mist by a ZnO SAW device, which may reach 6mm height. 

 

Figure 25. SAW atomization mechanism and setup for the SAW atomizer, and the mist height and 

angle as a function of SAW input voltage [65]. Reprinted with permission from Japan J. Appl. Phys. 

Lett. 43, 2004, 2987. 

A proper design of SAW ejector can be utilized for nozzle-free ink applications. Tan et al. 

[84] demonstrated another method utilizing two opposite IDTs to converge the acoustic 

energies at point with a liquid drop ejected perpendicular to the surface, similar to the 

normal nozzle-based droplet ejector as schematically shown in Fig. 26. The radiation from 

two sides of the droplet resulted in an elongated liquid column with an angle of about 90. 
These SAW ejectors do not have a nozzle head and offer a more cost effective solution when 

compared to the current ink ejector. 



 

Modeling and Measurement Methods for Acoustic Waves and for Acoustic Microdevices 538 

Atomization has been widely applied in pulmonary drug delivery as a promising 

technology to transport drug formulations directly to the respiratory tract in the form of 

inhaled particles. The most common methods employed for this application are jet 

atomization and ultrasonic atomization with difficulties to produce monodispersed 

particles, i.e. droplets with sizes in the range of 1~5m in diameter. SAW atomizers are able 

to produce aerosol droplets with a good particle size distribution. By controlling the RF 

power applied to the SAW IDT, the droplet sizes can be less than 5 m [85], suitable for the 

pulmonary drug delivery application. 

 

Figure 26. Droplet jetting induced by a single IDT SAW device (a), and droplet jetting induced by a 

pair of IDT electrodes (b). 

Not just bulk SAW devices, but also thin film SAW devices can also achieve a similar 

atomization effect by using sufficient RF power. Figure 24 shows images of tiny liquid 

droplets ejected from the surface of a ZnO SAW device obtained by the authors, and the 

height of the mist is similar to those observed from the LiNbO3 bulk SAW devices, even 

though thin film SAW devices have lower power delivered compared with the bulk devices.  

5. Acoustic wave based biosensors  

Most acoustic wave resonators (QCM, SAW and FBAR) can be used as sensors because all of 

them are sensitive to mechanical, chemical, optical or electrical perturbations on the surface 

of the devices [86,87]. They are versatile, sensitive and reliable, being able to detect not only 

mass/density changes, but also viscosity, elastic modulus, conductivity and dielectric 

properties etc. They have many applications such as sensing pressure, humidity, 

temperature, strain (stress), acceleration force, vibration, flow, pH values, radiation, electric 

fields etc. They are sensitive gas sensors once combined with specific gas absorption layers 

[88,89,90]. Development of acoustic wave based biosensors is relatively new but has a huge 

potential as they can detect tiny traces of biomolecules [22,23]. This can be utilized to detect 

viruses and genetic disorders, diagnose early stage diseases and cancers [91,92]. The 

principle of acoustic biosensors is similar to those of other biosensors, which are based on a 

specific interaction between biomarkers (also called probe molecules) deposited on the 

surface of the sensors with target molecules in the biosamples. Compared with other 
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common biosensing technologies, such as surface plasmon resonance (SPR), optical fibres, 

and field effect transistors or cantilever-based sensors, acoustic wave based sensors have the 

combined advantages of simple operation, high sensitivity, small size, compact and low 

cost. In the following section, highlight the acoustic wave sensor technologies.  

5.1. QCM sensors 

Although the piezoelectric effect was discovered in the late 19th Century, quartz crystal 

resonators only found widespread applications in electronics, material and biological 

researches when it was demonstrated that there was a linear relationship between mass 

adsorbed on the surface and the resonant frequency of the crystal in 1959 by Sauerbrey [93]. 

Biosensing became possible when suitable oscillator circuits for operation in liquids were 

developed [94]. The QCM is one of the most developed biosensors that can be operated in a 

liquid environment using the thickness shear-mode. A QCM consists of a bulk piezoelectric 

material with typical dimensions of 1 cm in diameter and 500-1000 m in thickness, 

sandwiched between two metal electrodes. When an A.C. electrical signal is applied to the 

two electrodes, it excites a standing wave between the two electrodes through the PE effect. 

The operating frequency of the QCM is determined by the thickness of the PE-layers, and is 

typically 5, 10 and 20MHz. As shown by eq.(1), the sensitivity of acoustic resonators is 

determined by the square of the frequency and the base mass. With decreasing thickness of 

the Quartz layer, the frequency of the QCM has been increased significantly, thus its 

sensitivity has been dramatically increased. There has been intensive research recently to 

develop thin film based QCMs with operating frequencies of several hundreds of MHz 

[37,38] which demonstrated their great potential for biosensing with better sensitivity. 

For biosensing, QCM biosensors have been used to detect the interaction between protein-

protein, DNAs, protein-DNA, viruses, bacteria etc, and demonstrated their usefulness, 

versatility and robustness with high sensitivity. For practical applications, more QCM 

sensors have been integrated with other structures and devices such as molecular imprint 

polymers [95], sensors [96] and microfluidics [97] for multi-task detection and monitoring 

with better accuracy and more functionality. There are hundreds of published papers on 

QCM biosensors; a review of QCM biosensors is beyond the scope of this book chapter. 

Readers can find more information in refs. [98,99].   

5.2. SAW sensors 

SAW devices are not only used for microfluidics, but are very good sensors. Since SAW 

devices have a much smaller active mass and much higher operating frequency than those 

of QCMs, the sensitivity of the SAW devices increases dramatically as shown in Fig. 3. 

Furthermore by using advanced photolithograph technology, especially e-beam writing 

techniques, it is now possible to fabricate SAW devices with operating frequencies up to the 

Gigahertz [100,101], and the sensitivity of SAW sensors can be further increased.  

The longitudinal mode SAW device has a substantial surface-normal displacement that 

rapidly dissipates the acoustic wave energy into a liquid, leading to excessive damping, and 
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hence poor sensitivity and noise for biodetection in liquid. Shear horizontal (SH-) mode 

SAW devices have substantially reduced coupling of acoustic energy into the liquid 

[102,103], hence they can maintain a high sensitivity in liquids. Consequently SH-SAW 

devices are suitable for biodetection, especially for “real-time” monitoring of physiological 

conditions of a patient. To further reduce the base mass of a SAW device to improve the 

sensitivity, Love wave SAW devices have been developed which consist of a normal SAW 

device and a thin wave guide layer (typically sub-micrometers) such as SiO2 and polymers 

on top of the SAW surface. Since the acoustic velocity is slow in the wave guide layers, 

acoustic waves are trapped in the thin wave guide layer, resulting in a drastically reduced 

base mass and significantly improved sensitivity and quality of the sensors [104,105]. They 

are therefore frequently employed to perform biosensing in liquid conditions [106,103].  

For LOC applications, integratable thin film SAW sensors are more attractive and desirable. 

A lot of efforts have been made to develop AlN and ZnO thin film SAW sensors. A ZnO/Si 

SAW device has been successfully used in the detection of aminohexanoic acid succinimidyl 

ester (DNP-X) and anti-DNP-KLH antibody [107]. The resonant frequency of the ZnO SAW 

devices was found to shift to lower frequencies as the PSAs are specifically immobilized on 

the surface-modified ZnO SAW device. A linear dependence has been measured between 

the resonance frequency change and the anti-DNP concentration over a range from 2 to 1000 

ng/ml, and saturated as the concentration increases further due to the reduction of binding 

sites [107].  

To realize biosensing in liquids with better sensitivity, Love wave SAWs have been studied 

intensively. ZnO has a shear wave velocity of ~2600 m/s, whereas that of ST-cut-quartz is 

about 4996 m/s. Therefore, it is reasonable to use ZnO as a guiding layer on substrates of ST-

cut quartz to form Love mode biosensors. The other potential substrate materials for Love-

mode ZnO sensors include LiTaO3, LiNbO3 and sapphire. A ZnO Love mode device of ZnO/ 

ST-cut quartz has a maximum sensitivity up to ~18.77×10−8 m2 s kg−1, much higher than that 

of a SiO2/quartz Love mode SAW device [108,109]. Mchale et al recently reported 

ZnO/SiO2/Si SAW Love mode sensors with a sensitivity of 8.64 m2/mg [110], which is about 

2 to 5 times that of ZnO/LiTaO3 [111] and SiO2/quartz Love sensors [112]. Another 

promising approach for making a ZnO based Love mode sensor is to use a polymer film 

(such as PMMA, polyimide, SU-8 or parylene C) on top of the ZnO layer as the guiding 

layer. However, this layered structure uses a polymer waveguide and has a relatively large 

attenuation compared with those of solid waveguide layers.  

AlN SAW devices have higher acoustic velocities, for example, about 6000 m/s shear 

velocity for an AlN/Si SAW device, and thus it is desirable to use AlN SAW devices for 

sensors for high sensitivity. However there are not many reports on AlN based SAW 

biosensors. The reason could be the difficulties in the deposition of the thick AlN film (>4 

m) required for high quality SAW device fabrication. They normally have a large film 

stress and poor adhesion with the substrate. Although AlN films deposited to deposit on a 

LiNbO3 substrate have been reported to form a highly sensitive Love mode sensing devices 

[113,114].  
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5.3. FBAR sensors 

FBARs were initially developed as high frequency resonators for applications in electronics 

as filters, duplexer etc in 1980s' [25,26]. FBARs have been considered for biosensor 

application since 2000, and are considered as one of the most advanced sensors with 

extremely high sensitivity and very small dimensions. As the wavelength of the bulk 

resonators is determined by the thickness of the PE-layer, it is normal to fabricate FBARs 

with thin PE-layers. FBARs typically have frequencies of a few GHz, and ones with fr of 8 

GHz or higher have been demonstrated [115,116]. Owing to the small base mass and high 

operation frequency, attachment of a small amount of target mass is able to induce a large 

frequency shift – typically a few MHz. This improves the sensitivity and makes the signal 

easily to be detected using simple electronic circuitry. Although the sensitivity of FBARs is 

not as good as predicted by eq.(1), it is still about three and two orders of magnitude higher 

than those of QCMs and SAWs respectively as shown in Fig.4 [28,117].  

A ZnO-based label free FBAR biosensor with an operating frequency of 2 GHz was used to 

detect DNA and protein molecules [115]. It showed a sensitivity of 2400 Hz·cm2/ng, which is 

approximately 2500 times higher than a conventional QCM device could achieve. A recent 

Al/ZnO/Pt/Ti FBAR design also showed a sensitivity of 3654 Hz·cm2/ng with a better 

thermal stability than that of ZnO-based FBARs [118,119].  

Based on eq.(1), an increase in fr would make FBARs of higher sensitivity. However it 

should be pointed out that the limitation to the sensitivity of acoustic resonators, especially 

the FBARs, is not only the frequency, but also the quality factor. It is easy to make FBARs of 

high fr by using a thin PE layer, but the quality factor of the FBARs was found to decrease 

dramatically with decrease of the thickness of the PE-layer, mostly due to the relatively poor 

crystal quality, small grain size, poor thickness uniformity, rough surfaces and the existence 

of a thick transition layer (20-80 nm), resulting in a severely reduced quality factor when a 

thin PE layer is used. Also it was found that the electrode shape and material properties also 

significantly affect the quality factor. Electrodes with 90 regular angles reflect the surface 

travelling wave and deteriorate the Q-factor. Electrodes with high acoustic impedance and 

low mass are preferred for fabrication of high performance FBARs. Aluminium is one of the 

most popular electrode materials in the microelectronics industry. It has a low mass density, 

but the acoustic impedance is low and thus is not the best material for the fabrication of 

FBARs. Au, Pt and W have high acoustic impedance but their mass densities are high, 

leading to large mass loading effects. A carbon nanotube (CNT) layer was found to be the 

best electrode material for FBARs as it has a high elastic modulus and low density (hence a 

high acoustic impedance and low mass loading) and CNTs have thus been used for 

fabrication of FBARs with much improved quality factor. An improvement of Q-value by 5 

times was demonstrated simply by using a CNT layer on top of existing metal electrodes 

[120]. Garcia-Gancedo et al recently fabricated FBARs with CNT layer as the top electrode 

and demonstrated FBARs with a quality factor over 2000 [121,122], one of the best values 

reported. Also the spurious ripples round a resonant peak found in Au electrode FBARs 

disappeared when CNTs were used as shown in Fig. 27. The FBARs with CNT electrodes 
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showed a better sensitivity than the Au electrode ones with a mass detection limit down to 

10-13g, with the potential to go down to 10-15g, suitable for detecting a single molecule.  

 

Figure 27. (a) SEM images of a fabricated SMR with CNTs layer top electrode. The middle is a typical 

frequency response, showing the main resonance at 1.75 GHz. The ripples for FBARs made of Au and 

CNTs top electrode. It disappears in CNTs-FBARs due to high acoustic impedance [122]. Reprinted with 

permission from Elsevier, Sensors and Actuators, B 160, 2011, 1386. 

The majority of the PE thin films have crystal orientation (0002) normal to the surface of the 

substrates. They are suitable for fabrication of FBARs with longitudinal mode and 

appropriate for gas phase detection. FBARs with protein functionalized surfaces have been 

used as a gas phase biosensors, and demonstrated their feasibility for sensing an odorant 

binding protein of AaegOBP22 using N,N-diethyl-meta-toluamide (DEET) as the ligand to 

the odorant binding protein [123]. For sensing in liquids, novel structures, especially 

integrated with microfluidics, is needed. Zhang et al performed biodetection in liquids by 

taking advantage of the back trench structure. The trench was used as a container in which 

the bioreaction could take place, while a FBAR on the other side of the thin membrane was 

used for sensing. This demonstrated its feasibility for biodetection [124]. Similarly 

Wingqvist et al. used the surface of a FBAR for sensing with a built-in microchannel on the 

back which allows continuous flow of the biosamples or buffer solution to pass for a 

continuous measurement [31]. A schematic drawing is shown in Fig. 28. 

 

Figure 28. Typical structure of lateral field excited inclined AlN film FBAR.  

For direct liquid contact sensing, it is necessary to develop ZnO or AlN films with crystal 

orientation inclined relative to the surface normal, allowing generation of shear waves to be 

used for detection in a liquid [125]. A (1120) textured ZnO film exhibits pure shear mode 

waves which can propagate in a liquid with little damping effect. A ZnO shear mode FBAR 
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device has been used in a water-glycerol solution, with a high fr of 830 MHz and a 

sensitivity of 1000 Hz·cm2/ng [126]. Weber et al. fabricated ZnO FBAR devices using a ZnO 

film with 16o off c-axis crystal orientation, which operated in a transversal shear mode [125]. 

For an avidin/anti-avidin system, the fabricated devices had a high sensitivity of 585 

Hz·cm2/ng and a mass detection limit of 2.3 ng/cm2. The shear wave FBAR devices also 

showed a more stable temperature coefficient of frequency [30,31].  

Another method for liquid phase biodetection is to use the lateral field excitation (LFE) for 

FBARs as shown in Fig. 29. This structural FBAR requires both signal and ground electrodes 

being in-plane and parallel on the exposed surface of the PE films [127,128,129]. Since the 

excitation is parallel to the surface and perpendicular to the normal c-axis crystal 

orientation, the FBARs exhibit a thickness shear mode operation. The devices are stable in 

biologically equivalent environments [130,128]. However, lateral structural FBARs normally 

have a low quality factor and the mechanism of the exciting resonance is not fully 

understood yet. A lot of research is needed before they can be effectively used as sensors. 

Furthermore, lateral FBARs have a very narrow active area, and it is difficult to incorporate 

microfluidics within the narrow channel for sensing. 

 

Figure 29. Schematical structure for the lateral field excited FBAR devices, which generates a thickness 

shear mode resonance.  

5.4. Flexural plate resonant sensors 

Lamb wave devices on a membrane structure have been used for biosensing in liquid [34]. 

Since the propagation velocity of the Lamb wave in the membrane is slower than that in the 

fluids on the surface, the acoustic energy is not easily dissipated, thus the Lamb wave 

sensors can be used for thus applications [131]. Since the resonant frequency of the FPW 

devices is small, it is not sensible to use the frequency as the parameter for sensing due to 

poor sensitivity as indicated by eq.(1), the amplitude of the resonant wave is normally used 

for sensing in liquid. Therefore, the sensitivity of these devices increases as the membrane 

thickness becomes thinner [35, 15]. 

A ZnO based FPW device has been used to monitor the growth of bacterium “Pseudomonas 

putida” in a boulus of toluene and the reaction of antibodies in an immunoassay for an 

antigen present in breast cancer patients [132]. Si/SiO2/Si3N4/Cr/Au/ZnO FPW devices have 
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been used for detecting human IgE based on the conventional cystamine SAM layer 

technology with a sentivity of 8.52107 cm2/g at a wave frequency of 9 MHz [133]. However, 

the FPW biosensor has not been widely reported because of the low sensitivity, difficulty of 

fabrication and high temperature sensitivity of the thin film. 

6. Other SAW-based functions and lab-on-a-chip 

Since the acoustic wave mechanism can be utilized for fabrication of various microfluidic 

devices and sensors, it would be very attractive to fabricate single acoustic wave 

mechanism-based lab-on-chip systems [117]. Development of such systems has been rather 

limited so far, as the individual acoustic technologies are yet to be fully explored, developed 

and optimized. Current activities have been focused mainly on the development of 

individual acoustic wave based devices and systems such as acoustic microheater, SAW-

based polymerase chain reaction (PCR), SAW-based particle concentrator, sorting and 

delivery devices etc. These will be highlighted in this section.  

6.1. SAW microheater  

For SAW devices, an input of high RF power will induce acoustic heating through crystal 

vibration and absorption of acoustic energy by defects in the substrates. For sensing, the 

input RF signal normally has a low power and acoustic heating is not a problem. For 

acoustic microfluidics, especially droplet-based pumps, acoustic heat may increase the 

surface temperature of the SAW device over 100 C which will damage most of the cells and 

bio-molecules and reduce their biological integrity. Acoustic heating can be suppressed by 

using a pulsed RF signal to maintain the temperature below 40 C. Although acoustic 

heating has many negative effects for biological and electronic applications, controlled 

acoustic heating can be utilized as a remote microheater for many applications, such as in 

polymerase chain reaction (PCR) to amplify DNA concentration for detection or to 

accelerate bioreaction.  

Figure 30 shows the surface temperature as a function of RF signal voltage measured for a 

ZnO thin film SAW device. The temperature at a position 5 mm away from the IDT on the 

wave path was monitored. The temperature increases with the signal amplitude and the 

duration of the RF signal, and decreases with the distance from the IDT [77]. The maximum 

temperature can reach at 140 oC for a signal voltage of 60 V. The temperature was found to 

have a distribution along the wave path. It is higher near the IDT, and decreases away from 

the IDT due to attenuation of the wave. Acoustic heating has been utilized to construct PCR 

as will be discussed later [74,134]. For normal gas sensing, initialization of sensors requires a 

high temperature to remove all absorbed substances. Acoustic heating could be utilized for 

self-initialization for SAW gas sensors without need of an additional microheater, which 

greatly simplifies the system and reduces the cost and fabrication process. Effective 

utilization of acoustic heating would generate compact, useful microsystems with many 

functions, and many applications are yet to be explored.  
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Figure 30. Acoustic heating induced temperature rise as a function of RF signal duration by a SAW 

microheater [77]. Reprinted with permission from AIP, J. Appl. Phys, 105, 2009, 024508. 

6.2. SAW particle concentrator 

Transportation and concentration of particles or bio-substances such as cells are important 

issues for biological applications. As above, the SAW acting on the edge of a droplet can 

generate a shear force within the droplet. This shear force can generate circulating 

streaming, moving particles towards the centre as shown in Fig. 31. From a side view, the 

fluid can be observed to be pushed upward just above the SAW propagation area which 

results in primary azimuthal rotation within the droplet periphery. Raghavan et al [135] 

reported that the flow phenomenon within liquid droplets due to SAW asymmetric 

positioning are similar to that obtained by the flow field between stationary and rotating 

disks. This azimuthal rotation phenomenon has been utilized for particle concentration. 

    

Figure 31. Side view (a) and overview (b) of simulated circulating streaming patterns induced by 

acoustic wave for a 10μl droplet [53]. 

Figure 32 shows the frame images of starch particles captured during the concentration 

process within a 20 μl droplet after applying an RF signal to the IDT electrode for a few 
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seconds. Initially, the particles are uniformly dispersed in the water, and circulating 

streaming is induced once the RF signal is applied. The flow circulation rapidly establishes a 

particle cluster towards the centre of vortex, in the form of a conical shape similar to that 

depicted theoretically. The shear force induced particle migration is due to the gradient in 

the azimuthal streaming velocity in the droplet, resulting in particle motion from a higher 

shear force area at the droplet periphery to a lower shear force area at the bottom of the 

droplet centre. The shear velocity is large on the edge of the droplet, and gradually 

decreases on approaching the centre of the droplet. The particles circulate with the liquid in 

the droplet and simultaneously migrate from the high to the low shear velocity regions 

[53,136]. The concentration effect is dependent of the RF power as well as the properties of 

the particles. At a low power, it is not sufficient to generate a gradient in the azimuthal 

streaming velocity, whereas a high power produces a strong turbulent streaming, dispersing 

particles within the droplet randomly without any concentration effect [53]. The particle size 

is also critical for the efficient concentration. Particles with certain sizes can be easily 

agglomerated, whereas small particles can flow inside the liquid for very long time before 

being forced into the central region. Therefore it is possible to utilize this to separate 

particles with different sizes using a SAW device.  

 

Figure 32. Captured video images illustrating the rapid starch particles concentration process for a 30 

μl droplet. The first row shows a side view, while the second row a top view. The yellow arrow is the 

SAW propagation direction [53]. Reprinted with permission from Institute of Physics, J. Microeng. 

Micromech. 21, 2011, 01500581. 

6.3. Particle sorting and manipulator 

Particle sorting, separation and counting are frequently used in biological and medical 

analysis. Biological samples contain various cells such as blood plasma, and red and white 

cells. For analysis, these cells are to be separated and counted. Cell separation and counting 

are powerful tools being used for quantitative analysis. Acoustic waves can be utilized for 
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particle sorting, separation, counting etc, mostly relying on the nodes and antinodes 

generated by standing waves [137]. Figure 33 shows the principle of a SAW-based particle 

sorting device. A pair of IDTs is arranged face to face with a distance between them equal to 

an integer of the half wavelength, n/2. Upon application of an RF signal, standing waves 

between the two IDT electrodes can be formed. If a channel is fabricated perpendicular to 

the wave path of one wavelength wide, the pressure node in the channel will confine the 

particles within the pressure node, generating streaming with particles confined within the 

line.  

 

Figure 33. Formation of pressure node and anti-node by standing waves used for focusing particles 

inside a channel. A single wave node in a PDMS/SAW device and focus of the particles in a line. 

 

Figure 34. Microscope image of microparticle line induced by acoustic wave node [137]. Reprinted with 

permission from RSC Publishing, Chem. Soc. Rev. 36, 2007, 492. 
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Shi et al. employed this scheme to obtain focused particle lines using PDMS as the 

microchannel wall [138]. They have demonstrated fluorescent polystyrene particles sorting 

for a solution with a density of 1.176x107 beads/ml. The particle size is around 1.9 μm, and 

the flow containing the particles passes through a channel, and eventually forms a stable 

particle flow. By incorporating channels with different exits, particles with different sizes 

can be separated. Fig. 34 is the photo image of the particles captured by a camera [138]. 

It should be pointed out that standing waves have a long range force compared with the 

sizes of the microparticles; therefore it should be considered as a coarse manipulator or 

tweezers, suitable for simultaneous handling of a large group of particles or cells. It would 

be difficult to manipulate particles precisely down to the micrometre scale individually. For 

precision manipulation of particles, it would be best to integrate acoustic wave devices with 

other mechanisms. Wiklund et al [139] has integrated dielectrophoretic microfluidics 

mechanisms with ultrasonic particles concentrators. The ultrasonic standing wave delivers a 

long range force for high through-put particle manipulation, while the short-range 

dielectrophoretic forces are used for precision control to realize individual cell manipulation 

for bioanalysis.  

Acoustic forces can be utilized to drive particles to places in order to realize scaffolding for 

cell growth. An in vitro cell culture is a technique used to grow cells in extra-cellular 

matrices and potentially for organ farming. Successful growth of cells depends on uniform 

distribution of seed cells into the scaffold of the matrices and the efficiency of the seeding 

process. The moving of a cell suspension into the scaffold material, typically a polymer, in 

the absence of external driving forces is exceptionally slow due to the large capillary 

resistance which may take from hours to days. SAW device can move a droplet with strong 

internal streaming and agitation as discussed, and can be used to deliver particles into the 

polymer matrices for cell growth. Yeo at al. have investigated the effect of SAW agitation on 

the efficiency of suspended fluorescence particles in a polycaprolactone (PCL) scaffold [140]. 

They demonstrated that efficiency up to 90% can be achieved on a SAW device within a few 

seconds, and the particles are uniformly distributed within the polymer matrix [140]. 

6.4. Other acoustic wave based functions 

The acoustic wave technique has been used for biodegradable polymeric nanoparticle 

generation [141]. A polymeric incipient was dissolved into a solvent drop, and then 

atomized by a SAW. The solidified polymeric particles left behind are monodispersed. With 

this technique, 150–200 nm polymer spherical clusters were formed with sub-50 nm 

particulates. Periodically ordered polymer has also been patterned on a substrate by SAW 

atomization [142]. When a polymer solution was spread over the surface of a SAW device 

with two IDTs perpendicular to each other, the surface displacements induced by the 

standing waves displace the polymer film, breaking up the film in both the transverse and 

longitudinal directions producing evenly spaced solidified polymer microstructures. The 

spaces between the nanostructures in the X and Y-directions are approximately half the 

SAW wavelength in both directions with a pattern as shown in Fig. 35(left) schematically. 
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This can also be utilized to fabricate fine microwires of soft matter with nanoparticles 

uniformly dispersed in a solvent.  

  

Figure 35. (Left) Particle lines formed in a fluid induced by standing waves from a pair of SAW IDTs; 

(Right) 2D array of particles form by a pair of IDTs in perpendicular [138]. Reprinted of (b) with 

permission from RSC Publishing, Lab on Chip, 9, 2009, 2890. 

6.5. SAW based lab-on-a-chip 

By using a combination of streaming induced mixing, enhanced biochemical reaction, 

droplet delivery and cell sorting etc by acoustic waves with other microfluidic and sensing 

functions, people have realized SAW based LOCs for various applications. A PCR system 

based on the combination of a SAW and resistance microheaters has been developed 

[74,134]. A schematic of the suggestion is shown in Fig. 36. The SAW-PCR system is a 

droplet-based DNA amplifier with droplets of the sample embedded in oil. SAW devices are 

used for moving and aligning the droplets between the zones with different temperatures 

through virtual tracks formed by chemical modification of the surface hydrophobicity. Once 

PCR amplification is completed, the droplet is moved to another heater for hybridization.  

The chip is able to perform a fast and specific PCR with a small volume of 200 nl within 10 

min. A single nucleotide polymorphism (SNP) responsible for the Leiden Factor V 

syndrome from human blood was successfully amplified by the PCR system and detected 

[134]. A SAW-based chip has several advantages over microfluidic channel systems. It can 

avoid the problems of clogging, large pressure drop and vaporization of liquid from the 

solid surface. Furthermore, the SAW streaming can also help to speed up the binding 

reaction and to get a more homogeneous fluorescence in hybridization. 
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Furthermore, attempts have been made to develop stand alone biodetection systems with 

integrated SAW microfluidics and sensors. In these cases, SAW microfluidics is mainly used 

for transporting liquid and agitating to minimize non-specific binding and speed-up the 

reaction. Due to the small dimensions, liquid in microchannels is dominated by a laminar 

flow, and the biochemical reaction is limited to mass transportation. The process is very 

slow, and the reaction is incomplete, thus additional agitation to speed up the reaction is 

therefore required. A SAW device is an ideal planar device to be integrated in the system for 

these purposes. Figure 37 is a schematic drawing of a SPR detection system with integrated 

SAW microfluidics [143]. By utilizing the abilities of moving droplets and acoustic 

streaming by SAW device, a droplet based SPR system for real-time sensing was realized. 

 

Figure 36. A schematic drawing the SAW based PRC system. 

 

Figure 37. Schematic drawing of the set-up of the droplet-based SPR with SAW integrated for 

streaming to allow the real time monitoring of interactions. 

7. Conclusions  

Lab-on-a-chip systems for medical research, drug development and healthcare etc typically 

consist of a set of microfluidics and sensors. In most cases, the mechanisms for microfluidics 
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and sensors are different and these devices are mostly assembled together to form LOCs, 

making the LOCs big and difficult to operate. Acoustic wave based lab-on-a-chip systems 

are a miniaturized microsystems with typical sizes of few square centimetres. LOCs may 

provide a single or multi-function such as transporting biosamples and sensing on a single 

chip. 

Bulk and surface acoustic waves have found tremendous applications in LOCs. Surface 

acoustic waves have strong forces and can be utilized for fabrication of micropumps, mixers, 

droplets and mist generators for handling liquids and biosamples effectively and efficiently. 

On the other hand, bulk and surface acoustic wave based resonators (QCMs, SAWs and 

FBARs) are extremely sensitive to traces of absorbed mass and hence can be utilized for 

development of high sensitivity biosensors. Also acoustic waves can be utilized for 

generating many other functions such as remote heating, cell concentration and delivery. 

These unique functions of acoustic waves make it possible to develop lab-on-a-chip systems 

with a single actuation and sensing mechanism.  Furthermore all these acoustic devices can 

be realized by using thin film technology, hence opening the way for integration of acoustic 

wave based LOCs with Si-based electronics on the same substrate. 
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